Trace quantities of uranium and thorium were separated from a submerged calcite speleothem (stalactite) sample from Inazumi Cave, Oita Prefecture, using Fe(OH)3 coprecipitation followed by anion-exchange separation with HNO3 and HCl. The isotope ratios 234U/238U and 230Th/234U were determined by isotope-dilution thermal ionisation mass spectrometry. The speleothem became submerged by accumulation of the Aso welded-tuff, Aso-4, and a resulting rise in the local water table that occurred 85,000 -89,000 years ago. The age of the analysed portion of the sample was 170,000 years B.P., suggesting that it was deposited before the earlier Aso-2 and-3 eruptions and has been submerged at least three tunes.
Introduction
Dating and/or the combination of dating and stable isotope measurements on speleothems (secondary deposits mainly of calcium carbonate) in limestone caves have provided important information on global paleoclimate changes during past 100,000 years or more. The growth rates and C and 0 stable isotope ratios of speleothems can be measures of precipitation, temperature, and other environmental variables. [1] For these studies, precise absolute dating of samples is very important. One of the most reliable dating techniques for speleothems is the U-series method using the decay of excess 23aU to 230TK [2, 3] U in carbonate complexes is common in karst waters and thus will be coprecipitated with CaCO3 in speleothem calcite. In contrast, Th is insoluble in waters falling in the normal karst pH range and, therefore, 230Th within a speleothem is strictly the decay product from the 234U. Isotope-dilution thermal ionization mass spectroscopy (TIMS) is the most sensitive, reliable method for the determination of the U, Th isotope ratios but they must be chemically isolated separately from matrix components prior to the TIMS analysis. Among many chemical procedures, anion-exchange methods have many advantages from the view point of high performance of U, Th isolation at trace levels, and of ease in operation and in minimizing any contamination . Although speleothems all over the world have been dated using TIMS and/or a-spectrometry, no reliable ages have been obtained previously in Japan. This is the first report of a satisfactory age from a Japanese speleothem. We selected a specimen for which there is some independent information on the age. It was obtained from Inazumi Cave, Oita Prefecture, where it was deposited in an air-filled passage and then submerged as a consequence of the activities of the nearby volcano, Mt. Aso, which caused a rise of the water table: the speleothem must be older than these events. [4] In this paper, the chemical treatment of a typical speleothem sample for TIMS analysis, including ion..exchange processes, will be introduced and the relationship between the stalactite formation and the activities of Mt. Aso will be discussed using the results that we obtained.
2 Experimental
Reagents
All chemicals used were of analytical , grade. Deionized water prepared with a Milli-Q system (Millipore, MA, USA) was used throughout. Bio-Rad AG 1-X8 anion-exchange resin (200-400 mesh, CA, USA) was supplied in moist condition. A 229Th/236U tracer (calibrated against uraninite in secular equilibrium) was used for isotope dilution. [3] 2.2 The Speleothem Sample Inazumi Cave, located in eastern Kyushu Island ( Fig. 1) , is a limestone cave formed in Permian (upper Paleozoic) limestone. The principal passages are considered to have developed as a typical phreatic dissolutional cave, in waters that were impounded by accumulations of welded tuff from Mt Aso eruptions. Erosion of the tuffs permitted it to drain and become decorated with calcite stalactites and stalagmites, the secondary speleothems typical of aerated limestone caves. Subsequently, portions of the cave became submerged by younger accumulations of the welded-tuff [4] . The stalactite sample was collected beneath the present water table when the cave was opened for public. Its diameter was about 20cm. The subsample for dating was collected from the inner part where no contamination with clays was apparent to the naked eye (Portion A in Fig. 2 ).
Analytical procedures
All procedures were carried out in a clean room at McMaster University, following methods described by Lundberg [3] , with some minor changes. Separation of U and Th was based on the differences in their adsorption onto anion-exchange resins in HNO3 or HCI. [5] A powdered sample (10g) was first dissolved in 7.5 mol dm-3 HNO3 and measured amounts of 229Th and 236U tracers (the 'spike') were added . Any organic compounds originally incorporated in the stalactite calcite were then decomposed by replicate evaporation of added HNO3. The residue was dissolved in water, FeCl3 was added to the solution, and U and Th were coprecipitated with ammonia to separate them from the major component, Ca. The Fe(OH)3 precipitate was dissolved in 7.5 mol dm-3 HNO3 and the solution loaded on a 2-cm3 N03 -form anion-exchange column. After . the unwanted ions were washed out with 7.5 mol dm-3 acid, the U and Th were collected together by elution with H2O and 1 mol dm-3 HBr. The effluent was evaporated to dryness and the sample, re-dissolved in 7.5 mol dm 3 HN03 , was passed through 0.25 cm3 small columns for further cleaning and separation of U from Th. The Th fraction was eluted with 6 mol dm-3 HCl and the U fraction retained in the column as chloro complexes with 1 mol dm-3 HBr. The isotope ratios 238U/234 U/236U and 230Th/322Th/229Th in the respective fractions were determined with a VG354 thermal ionization mass spectrometer in the School of Geography and Geology, McMaster.
3 Results and Discussion The analytical results are shown in Table 1 . The U content is low (close to the generally accepted lower limit for measurement of speleothem material), and therefore 10g of the sample were required for the analysis. The 23OTH/232Th ratio greater than 0.0001 showed negligible contamination with U and Th derived from clay minerals, [3] so that a reliable result could be obtained. In this respect , it was important to decompose the organic compounds such as humic substances with BNO3 because this led to a decrease in their retention during the anion-exchange processes. There are a few elements which are adsorbed on anion exchanger from 7.5 mol dm-3 HNO3 and, therefore, the U and Th were effectively separated from a large amounts of Fe. For complete elution of the U and Th fractions from the column, HBr was most effective because U and Th hardly reacts with Br to form anionic complexes in the anion exchanger phase. The H2O step for the recovery of U and Th was required to decrease the HNO3 concentration. Otherwise, Br was oxidized and the column might be blocked . The final separation of U and Th was based on the differences in their adsorption onto anion-exchange resins in HCI. The age calculation was performed using the computer program AGE. [3] Table 1 . U-series analysis of a submerged speleothem from Inazurni Cave, Oita Prefecture
The speleothems in Inazumi Cave have the possibility of recording activities of Mt. Aso. This volcano has been active during past 270,000 years, during which time there are records of four major eruptions; dating of tephra yielded ages of 255,000 -270,000 years for the Aso-1 tephra, about 150,000 years for the Aso-2 tephra,115,000 or 130,000 years for Aso-3, and 85,000-89,000 years for Aso-4 . [6] Spouting huge amounts of tephra, each eruption gave rise to drastic environmental changes in the Japanese islands . The tephra deposits thus have been utilized as key marker beds for Quaternary studies in Japan. Pyroclastic flow deposits, which comprise a major part of the tephras, are distributed widely around Mt. Aso and extend as far as 150 km from it. [7] The valley where Inazumi Cave has been developed is close to the volcano (Fig . l) and thus chanced to be filled with welded-tuff of the Aso-4 pyroclastic flow. As a consequence , many drowned speleothems can be found in submerged passages in the cave. They are dripstones (stalactites and stalagmites) and flowstones, all formed in the air-filled cave, and then submerged owing to the rise of the groundwater levels when the valley was buried by the Aso-4 event. The speleothem sample was expected to be older than the epoch of the Aso-4 eruption and, therefore, it was possible to verify this expectation by the present measurements. The age, 170,000 (+13,000/42,000) years B.P., corresponds to the period between the Aso-1 and Aso-2 eruptions.
In the cross-section of the stalactite sample shown in Fig. 2 , fine growth rings of calcite crystals can be seen with thin lamina of less than 1 mm in thickness. There are four separate layers of unconsolidated clay of 1 mm thickness or less between the portion we have dated and the outermost surface. These clay layers are believed to have been formed each time the speleothem became submerged. There is thus the possibility that the clay layers record rises of the water table caused by the two big eruptions (Aso2 -and -3) before the Aso-4 eruption. Although pyroclastic flow deposits older than that of the Aso-4 have not been found at the surface around the cave, it is expected that the environmental changes caused by these enormous eruptions in the middle Pleistocene will be clarified by further detailed measurements of speleothems.
